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Abstract 10 
Using SCR catalyst to oxidize and remove elemental mercury (Hg0) synergistically is a 11 
promising method for mercury emission control in coal combustion power plants and is 12 
currently attracting widespread interest. In this study, a developed mercury thermal 13 
desorption (Hg-TPD) approach, combined with other associated methods, was 14 
employed for identification of the mercury species in the Mn-based SCR catalysts that 15 
have been used for synergistic Hg0 removal. The analysis results demonstrated the Hg0 16 
adsorption on the catalysts was a necessary process for the Hg0 removal, though the 17 
SCR catalysts removed Hg0 mainly through catalytic oxidation and the amount of the 18 
adsorbed mercury contributed only a little to the Hg0 removal efficiency. And the 19 
essential adsorption process was mainly in the way of chemisorption. HgO was the 20 
prime species that was identified to form in the catalysts, and a little amount of 21 
adsorbed HgCl2, Hg(NO3)2 and Hg-OM was detected as well in the samples spent in the 22 
simulated coal-fired flue gases. O2, HCl, NO and high concentration of CO2 in the flue 23 
 
gas all promoted the adsorption capacity and the generation of related Hg compounds so 24 
that they were conductive to Hg0 removal efficiency, while similar phenomenon was not 25 
emerged in the presence of SO2, NH3 and H2O and meanwhile the amount of adsorbed 26 
HgO was decreased so that the efficiency was inhibited. The mobility testing by 27 
sequential extraction procedure indicated most of the retained Hg belonged to the 28 
mobile fraction, which was in accordance with the identification results of the Hg-TPD 29 
analysis. The consequences of this research would create a better understanding of the 30 
Hg0 removal mechanism over the Mn-based SCR catalysts and provide additional 31 
information on the disposal of the retired catalysts in the environment. 32 
Keywords: SCR catalyst; Hg-TPD; mercury species; mobility; mechanism 33 
1. Introduction 34 
Mercury emissions continue to be one of the most important worldwide 35 
concerns due to the bioaccumulation and persistence of mercury in the environment. 36 
The Minamata Convention that entered into force on 16 August 2017 becomes into the 37 
first international legally binding treaty to prevent mercury emissions. The primary 38 
objective of the convention is to “protect human health and the environment from 39 
anthropogenic emissions and releases of Hg and Hg compounds”. This agreement infers 40 
specific guidelines in industrial emissions and underlines the need for innovative 41 
approaches and the transfer of technology to avoid this problem.  42 
As one of the largest anthropogenic mercury emission sources, coal-fired power 43 
plant is focused on in recent years for its mercury control. Mercury emitted from coal 44 
combustion process exists mainly in three forms: i) elemental mercury (Hg0), ii) 45 
oxidized mercury (Hg2+) and iii) particle-bond mercury (Hgp).1-3 Hgp can be easily 46 
removed by particle control devices such as electrostatic precipitators or fabric filters 47 
while Hg2+ is soluble in water and can be easily captured by wet flue gas desulfurization 48 
 
(WFGD) scrubbers.3-5 However, Hg0 is very volatile and insoluble in water so that it is 49 
difficult to be controlled by the existing air pollution control devices (APCDs) of the 50 
power plants.6,7 The effect of mercury control that can be achieved with each of these 51 
approaches is extremely variable, which ranges from 43.8% to 94.9%, and it is affected 52 
by such factors as coal chemistry or operational conditions.1,8 As emission limits have 53 
been tightening and new pollutants (mercury, trace metals, halogens, fine particulates) 54 
become targeted, it is mandatory to work with the existing systems to enhance the 55 
synergistic multi-pollutant controls besides the development of specific mercury control 56 
technologies. 57 
Currently, a commercially available technology for controlling the mercury 58 
emission from coal-fired flue gas is the injection of activated carbon. Usually this 59 
method has certain effect on Hg0 removal, especially when the activated carbons are 60 
pretreated with mineral acid (H2SO4, HNO3 or HClO4) or sulfur.
9,10 However, the 61 
injection of activated carbon has some problems such as the relative high cost of this 62 
technology due to the large amount of activated carbon requires and the risk of 63 
compromising fly ash quality.11 To avoid these drawbacks, an alternative approach is to 64 
develop the co-benefit of installed devices for the elimination of other pollutants and 65 
specifically the oxidation of Hg0 to Hg2+ which can then be captured by downstream 66 
WFGD. Among the existing equipments, selective catalytic reduction (SCR) systems 67 
which are installed for the NOx emission control in coal-fired power plants were 68 
reported to have the capacity to oxidize Hg0 to Hg2+ because of the existence of active 69 
oxygen on the SCR catalyst surface.12 Related literatures have investigated and 70 
confirmed the Hg0 oxidation ability of the commercial vanadium-based SCR catalyst, 71 
especially in the flue gas containing high concentration of HCl.13,14 Other novel SCR 72 
catalysts which were developed in recent years, such as Ce-based and Cu-based 73 
 
catalysts, exhibited relatively high Hg0 removal activity as well in proper modifying and 74 
flue gas conditions.15-18 In our previous studies, Mn-based catalysts were investigated as 75 
a kind of novel SCR catalyst. The results demonstrated the catalysts owned excellent 76 
performance for NO removal and synergistic Hg0 removal and were applied in various 77 
simulated coal combustion flue gas.19-22 Besides, an obvious advantage of Mn-based 78 
catalysts compared to most of the others was the lower working temperature. This 79 
feature made it feasible to put the catalyst more downstream in the flue gas, which was 80 
favorable for the life span of the catalyst and the heat recovery efficiency of the whole 81 
power plant. In addition, Scala et al.23,24 also demonstrated in the aspect of reaction 82 
kinetics that the Mn-based sorbent had remarkable mercury capture and oxidation 83 
ability in the temperature range of less than 300℃, especially in the presence of HCl. 84 
However, in spite of these advantages, the Hg0 removal efficiency showed a wide 85 
variability with the changes of the experimental parameters such as the specific 86 
components of the catalysts, operational temperature and flue gas components. There 87 
was no general agreement on the influences of these parameters on the efficiency, and 88 
the mechanism for the Hg0 removal over the Mn-based catalysts was still not 89 
completely understood.  90 
In the past few years, a developed mercury thermal programmed desorption (Hg-91 
TPD) method was demonstrated to be qualified for mercury species identification and 92 
mechanism analysis on the Hg0 removal with solid samples.25,26 So far, several kinds of 93 
solid samples referring to mercury migration and transformation, such as coal,27,28 fly 94 
ash,29,30 gypsum,31 Hg sorbents27,32-35 and Hg-contaminated soil and sediments29,36, have 95 
been analyzed by the Hg-TPD approach for identifying the Hg species on them, and 96 
some important conclusions about the Hg0 removal mechanism and the influences of Hg 97 
transfer on the environment were acquired. For instance, through Hg-TPD, N. 98 
 
Fernández-Miranda et al.30 investigated the mercury retention in fly ashes obtained from 99 
coal combustion and acquired that mercury was captured through forming mercury 100 
bound to organic matter and HgS in the fly ashes. M. Rallo et al.33 found that Cl and S 101 
were the dominant factors for the Hg retention by biomass chars which served as a kind 102 
of mercury sorbent because mercury chlorine and mercury sulfate were the main 103 
produced species in the capture process. M. Rumayor et al.31 concluded that the primary 104 
mercury species present in WFGD gypsum was HgS which was chemically stable and 105 
not easily released to the environment. And Hg species retained in soil and sediments 106 
sampled around old mining-metallurgy sites was also mostly in stabilized states so that 107 
the effect of the Hg-contaminated soil and sediments on the environment was limited as 108 
well.36 However, although there have already been numerous researches in this field, 109 
little literatures have focused on the Hg-TPD analysis on SCR catalyst which acted as 110 
an important role in mercury emission reduction. And similarly with the existing studies, 111 
the analysis results are potentially valuable for revealing related mechanisms of the Hg0 112 
removal over SCR catalysts. Hence, in order to fill in the gaps, the present study was 113 
carried out to use the Hg-TPD approach, combined with other associated methods, to 114 
analyze the spent SCR catalysts. 115 
Specifically, in this work, the Mn-based SCR catalysts that have been used for 116 
evaluating their Hg0 removal performance in our previous study were selected as the 117 
analyzed samples for the purpose of carrying on the previous research. The methods of 118 
Hg-TPD, mercury content measurement and sequential solution extraction were all 119 
employed for analyzing the Hg-loaded catalysts, and the speciation, amount and 120 
mobility of the formed mercury species in the catalysts were identified. The testing 121 
results will present a better understanding of the Hg0 removal mechanisms over the SCR 122 
catalysts and also the effects of the spent catalysts on the environment, which is helpful 123 
 
for developing SCR catalyst with high catalytic efficiency and the eco-friendly disposal 124 
of the retired catalysts.  125 
2. Materials and methods 126 
2.1. Samples 127 
Three kinds of previously evaluated Mn-based SCR catalysts, MnOx/TiO2, Fe-128 
MnOx/TiO2 and CeMnO3, were employed for the present analysis research. The 129 
catalysts were all prepared by the sol-gel method of which the procedures have been 130 
introduced in our previous studies.19-22 Then they were evaluated for Hg0 removal in 131 
different flue gases. Specifically, the MnOx/TiO2, Fe-MnOx/TiO2 and CeMnO3 catalysts 132 
were reacted in the air combustion simulated flue gas, and the spent catalysts were 133 
labeled as MnTi-air, FeMnTi-air and CMO-air, respectively. MnOx/TiO2 was 134 
additionally reacted in the oxy-fuel combustion simulated flue gas, with MnTi-oxy as 135 
the label of this spent catalyst. Besides, another nine spent samples derived from the 136 
CeMnO3 catalyst reacted in the individual flue gas components were also collected for 137 
the analysis. All of these selected samples were operated to perform the Hg0 removal 138 
experiments at 200℃ which was the lower limit of the optimal temperature range for 139 
the SCR deNOx reaction.
19-22 In summary, the thirteen Hg0-loaded samples in total were 140 
the analysis objects of this work. 141 
2.2. Identification of Hg species by thermal desorption 142 
An optimized thermal desorption approach was mainly utilized in this work for 143 
identifying the mercury species in the samples. The equipment employed for this 144 
procedure was a modified version of a commercial device, which has been described in 145 
the previous works,25,27,29 and the whole analytic system was shown in Figure 1. In the 146 
course of the Hg-TPD analysis, 20mg of the sample was placed in the decomposition 147 
furnace where desorption of the mercury species was carried out in nitrogen atmosphere 148 
 
to avoid any interferences and undesired reactions. Hg species were released from the 149 
solid matrix in the N2 flow with a rate of 500mL/min. The heating mode was controlled 150 
at approximately 50℃/min-1 by a temperature controller. The desorbed mercury species 151 
were then transported to a commercial PYRO furnace kept at 800℃ where 500mL/min 152 
O2 was introduced. In this unit, the mercury compounds were reduced to elemental 153 
mercury and the added O2 was used to oxidize volatile matter of which the existence 154 
would impact the monitor of mercury. In order to prevent the interference of the 155 
oxidation of volatile matter on the desorption of mercury species, O2 was introduced to 156 
the PYRO furnace, rather than to the decomposition furnace together with the 157 
introduction of N2. The PYRO was connected to the decomposition furnace by an 158 
additional chamber which was designed to ensure that the temperature was maintained 159 
so as to avoid cool zones and the condensation of the mercury before it entered the 160 
PYRO furnace. The elemental mercury in gas phase was finally determined using a RA-161 
915+ analyzer from Lumex based on differential Zeeman atomic absorption 162 
spectrometry. This equipment recorded the mercury signal versus the temperature of the 163 
decomposition furnace. The obtained desorption profiles were compared with those of 164 
the reference mercury compounds of which the temperature parameters of thermal 165 
release were obtained previously and presented in Table 1.34 Through the comparisons, 166 
the mercury species were identified from the temperature range in which the thermal 167 
release occurred, especially the high peak temperature. 168 
2.3. Determination of total mercury content 169 
An automatic mercury analyzer from LECO (AMA 254) which is based on 170 
atomic absorption spectrometry was employed to determine the total mercury content in 171 
the spent catalysts. For each testing, the sample with a weight of 20mg was put into a 172 
nickel boat, followed by the ordinal processes of dried at 120℃ for 70 seconds and 173 
 
combusted in an oxygen atmosphere at 750℃ for 150 seconds. Then the released 174 
mercury was detected and the total mercury content was finally obtained. 175 
2.4. Sequential extraction procedure 176 
   A sequential extraction procedure based on a simplification of the US 177 
Environmental Protection Agency Method 3200 was also employed for identifying the 178 
speciation and mobility of the mercury loaded on the spent samples. This method was to 179 
utilize the distinct solubility of mercury species in different solutions. Specifically, three 180 
extraction solutions with each volume of 1.5mL were sequentially passed through the 181 
solid sample with a dosage of 50mg. The sample residue was rinsed by 0.5mL 182 
deionized water between each sequential step. The resulting solutions were analyzed by 183 
AMA 254 to detect the mercury contents, and the proportion of each of the three 184 
mercury fractions which were introduced in Table 2 among the total loaded mercury in 185 
the sample was acquired. All of the extraction solutions used in this procedure were 186 
prepared with mercury-free reagents. 187 
3. Results and discussion 188 
3.1. Hg-TPD analysis on the spent Mn-based SCR catalysts 189 
In our previous studies, the results of evaluations on Hg0 removal performance 190 
indicated that the Hg0 removal efficiencies over the Mn-based SCR catalysts 191 
(MnOx/TiO2, Fe-MnOx/TiO2 and CeMnO3) showed a decreasing trend overall with the 192 
increase of the reaction temperature.20-22 As high temperature was apparently adverse to 193 
the Hg0 adsorption, a reasonable explanation was that Hg0 adsorption on the catalysts 194 
was a necessary process for the Hg0 oxidation and removal.16,37 And all the mercury 195 
retained in the catalysts could be considered to derive from the adsorbed Hg0 (Hg0ad). 196 
Therefore, identifications of the adsorbed mercury species over the catalyst samples that 197 
have been spent for the evaluations on their Hg0 removal efficiency were very likely to 198 
 
be helpful for acquiring related mechanisms of the Hg0 removal over the catalysts, 199 
which was what this research was mainly devoted to using Hg-TPD approach. 200 
3.1.1. Analysis on the catalysts spent in simulated coal combustion flue gas 201 
The Hg-TPD analysis was first carried out on the catalysts spent in the simulated 202 
coal-fired flue gases (air combustion: N2+4%O2+12%CO2+10ppmHCl+400ppmSO2+ 203 
400ppmNO+400ppmNH3+10%H2O+70µg/m
3Hg0, oxy-fuel combustion: N2+4%O2+ 204 
70%CO2+10ppmHCl+400ppmSO2+400ppmNO+400ppmNH3+20%H2O+70µg/m
3Hg0), 205 
and the desorption profiles of MnTi-air, MnTi-oxy, FeMnTi-air and CMO-air were 206 
shown in Figure 2(a), (b), (c) and (d), respectively. The integral area of the profiles and 207 
the previously measured Hg0 removal efficiencies of the catalysts in the simulated flue 208 
gases were summarized in Table 3. The Hg0 removal efficiency was defined as the ratio 209 
of the decreased Hg0 concentration among the initial Hg0 concentration, and it was 210 
obtained when Hg0 concentration in the downstream gas of the catalyst reached stability. 211 
Because of the stability, the spent catalysts was in the state of Hg saturation and the 212 
testing results could not only reveal the Hg species but also reflect the Hg adsorption 213 
capacity of the catalysts. Comparing the desorption profiles of the four samples, the 214 
peak intensity followed the order: MnTi-air < MnTi-oxy < FeMnTi-air < CMO-air,  215 
indicating the CO2 enrichment, Fe modification and perovskite-type structure were all 216 
favorable for the Hg0 adsorption. This intensity sequence could be more intuitively 217 
reflected by the integral area of the profiles, and the result coincided with the Hg0 218 
removal efficiencies, which further proved the significance of the adsorption process. 219 
Among the catalysts,  CeMnO3 exhibited the strongest Hg
0 adsorption ability. However, 220 
according to the characterization results as summarized in Table 4, the surface area, 221 
pore volume and pore size of CeMnO3 were much smaller than those of MnTi and 222 
FeMnTi because of the higher calcination temperature during the preparation.21,22 223 
 
Instead, the proportion of chemisorbed oxygen (Oad) among total O species in CeMnO3 224 
was obviously higher than those in the other two catalysts on the premise that the 225 
atomic concentrations of element O in the three catalysts were close to each other. So 226 
the largest advantage of CeMnO3 was the abundant chemisorbed oxygen on the surface, 227 
which was derived from oxygen transfer between the Ce3+/Ce4+ ion pair in the 228 
catalyst.22 Thus, it could be concluded from the results that the necessary Hg0 229 
adsorption process was realized mainly through chemisorption rather than physisorption. 230 
And the chemisorption of Hg on Mn-based catalyst was confirmed by the kinetic 231 
analysis method of Scala et al. as well.23,24 232 
Then, according to the results in Figure 2(a)-(d), there were desorption peaks 233 
emerging at about 150℃, 275℃ and 472℃ in all the four profiles, which were 234 
identified as HgCl2, Hg(NO3)2 and HgO, respectively, through referring to the high peak 235 
temperature of the pure Hg compounds shown in Table 1. It demonstrated that the 236 
elemental mercury was removed over the catalysts through being oxidized to the three 237 
Hg compounds in both the simulated flue gases. Among the generated Hg compounds, 238 
HgO was the main formed mercury species that adsorbed on the catalyst because of its 239 
obviously stronger desorption peak intensity than the others’. This could be owed to the 240 
higher desorption temperature of HgO which made its adsorption bonds more forceful. 241 
By contrast, the intensity of the peaks corresponding to HgCl2 and Hg(NO3)2 were 242 
much weaker. On one hand, the concentrations of HCl and NO in the flue gas were as 243 
low as the magnitude of ppm so that the generation amount of HgCl2 and Hg(NO3)2 244 
were small; On the other hand, both HgCl2 and Hg(NO3)2 were volatile,
15 and 245 
meanwhile their desorption temperatures were close to or even lower than the reaction 246 
temperature used for evaluating the Hg0 removal performance of the catalysts (200℃). 247 
Due to these reasons, the adsorption of HgCl2 and Hg(NO3)2 on the catalysts was 248 
 
relatively difficult. In addition, on the profile of MnTi-oxy, an additional peak could be 249 
found to exist at about 210-220℃, which corresponded to the desorption of Hg-OM (Hg 250 
bound to organic matter). Related literatures have indicated that the high concentration 251 
of CO2 in oxy-fuel flue gas promoted the forming of -COOH, C-O and C=O which 252 
belonged to the organic functional groups that mercury could adsorb on, therefore 253 
favoring the formation of Hg-OM.20,38,39 And some mineral acid generated under the 254 
high-content H2O condition could assist this adsorption process.
40,41 In spite of the 255 
various formed mercury species, it should be noted that there were no Hg compounds 256 
containing sulfur, such as HgS and HgSO4, adsorbed on the samples in the presence of 257 
SO2. This phenomenon was mutually verified with the previous finding that SO2 had 258 
inhibitive effects on the kinetic constant of Hg0 removal reaction over the Mn-based 259 
catalysts and led to the decreased Hg0 removal efficiencies, which was mainly due to 260 
the deactivation of the catalysts resulted from the active Mn species reacted by SO2 to 261 
form MnSO4.
16,19-22,24,42 262 
Furthermore, the total contents of adsorbed mercury in the spent samples were 263 
also measured by AMA analyzer, and the results were shown in Table 3 as well. From 264 
the table, it was found that the adsorbed Hg contents were in proportion to the area of 265 
the desorption peaks and the Hg0 removal efficiencies of the catalysts, which 266 
demonstrated the reliability of the test results. According to the results, the mercury 267 
contents in the spent samples were in the range of 0.915-1.482ppm. However, the total 268 
amounts of the removed mercury over the catalysts corresponding to the catalyst 269 
dosages in the previous Hg0 removal experiments was calculated to be at least 10ppm.20-270 
22 Hence, it could be concluded that the adsorbed mercury contributed only a little to the 271 
Hg0 removal efficiency though the adsorption procedure was essential. And the Hg0 272 
removal over the SCR catalysts was mainly in the approach of Hg0 oxidation followed 273 
 
by the oxidized mercury species released to the flue gas. In this way, the maintenance of 274 
the Hg0 removal efficiency was guaranteed. 275 
3.1.2. Analysis on the CeMnO3 catalyst spent in individual flue gas components 276 
The catalyst samples spent for the Hg0 removal in individual flue gas 277 
components were analyzed by the Hg-TPD method as well. In this section, the CeMnO3 278 
catalyst was selected as the representative sample for the analysis because of its 279 
prominent Hg0 adsorption capacity and catalytic efficiency, which could make the 280 
comparison between the analysis results of the samples spent in different atmospheres 281 
relatively clear. The desorption profiles and the calculated integral area of them were 282 
shown in Figure 3 and Table 5, respectively. The previously evaluated Hg0 removal 283 
efficiency of the CeMnO3 catalyst in each atmosphere was summarized in Table 5 as 284 
well. According to the results in Figure 3, it was apparent that the desorption peak 285 
corresponding to HgO with relative large intensity emerged in all of the profiles. So 286 
HgO was the dominant Hg species retained in the samples, which was in consistence 287 
with the desorption profiles of the samples spent in the simulated flue gases. With the 288 
addition of 4%O2 into pure N2 for Hg
0 removal in the previous experiment, the intensity 289 
of the HgO peak of the spent sample became stronger as reflected by comparing the 290 
profiles in Figure 3(a) and Figure 3(b). The existence of O2 in the reaction gas improved 291 
mercury adsorption ability of the catalyst, therefore promoting the Hg0 removal 292 
efficiency as reflected in Table 5. As 10ppmHCl was further introduced, the peak 293 
representing the desorption of HgCl2 emerged as shown in Figure 3(c), indicating that 294 
Hg0 was oxidized by HCl to form HgCl2. HCl could generate active Cl on the catalyst 295 
surface which had stronger oxidability than the surface oxygen.13,43 As a result, some 296 
mercury that was originally adsorbed in the form of HgO converted to HgCl2, making 297 
the HgO peak become weaker compared to that of the sample reacted in only N2+4%O2. 298 
 
The weakness of the HgCl2 peak was due to the volatility of HgCl2 and the low 299 
desorption temperature which make most HgCl2 released as gaseous Hg
2+. Associated 300 
with the relative weak HgO and HgCl2 peak, the integral area and retained Hg content 301 
inversely showed a little smaller values than those of the sample spent in N2+4%O2, but 302 
it did not affect the facilitation of HCl on Hg0 removal efficiency. The promotion of 303 
HCl on Hg0 removal to form HgCl2 was also demonstrated by the results of kinetic 304 
analysis of Scala et al.24 Similarly with HCl, the introduction of NO likewise led to the 305 
emergement of a weak desorption peak at approximately 280℃ as shown in Figure 3(e). 306 
Although the desorption temperature was close to those of both Hg(NO3)2 and HgO 307 
yellow, the peak could be guaranteed to correspond to Hg(NO3)2 rather than HgO 308 
yellow because  it was not emerged on the profiles of the samples spent in the 309 
atmospheres without NO. And by this way, the peaks at similar temperature in Figure 310 
2(a)-(d) were judged to be Hg(NO3)2 as well. In the presence of O2, NO could be 311 
oxidized to NO2 which was also a kind of efficient oxidant, followed by Hg
0 being 312 
oxidized by NO2 to form Hg(NO3)2.
15,22 This was the reason for the presence of the 313 
Hg(NO3)2 peak and the promotion of NO on the Hg
0 removal efficiency. However, 314 
differently from the outcomes after the additions of O2, HCl and NO, none of the 315 
introductions of SO2, NH3 and H2O brought about the emergement of new desorption 316 
peaks. Meanwhile, the intensity of the original peaks declined obviously compared to 317 
those before these components were introduced, as shown in Figure 3(d), Figure 3(f) 318 
and Figure 3(g). Thus, the addition of each of SO2, NH3 and H2O into the reaction gas 319 
would cause the decrease of the Hg0 adsorption capacity of the catalyst, which was 320 
adverse to the Hg0 removal activity. This statement could be confirmed by the data of 321 
Hg0 removal efficiency presented in Table 5. In addition, the effect of CO2 was also 322 
analyzed. As 12%CO2 was introduced, the desorption profile (shown in Figure 3(h)) 323 
 
showed little variation compared to that of the sample spent in N2+4%O2. When the 324 
CO2 concentration increased to 70% in the flue gas, the intensity of the HgO peak 325 
slightly enhanced (shown in Figure 3(i)). These descriptions could be reflected more 326 
clearly by the integral area of the profiles. Meanwhile, a small peak corresponding to 327 
Hg-OM was formed at 228℃ in the profile of the sample spent in the presence of 328 
70%CO2, which was in accordance with the results in Figure 2(b) and further 329 
demonstrated the promotion of the CO2 enrichment on the generation of Hg-OM and the 330 
Hg0 adsorption capacity. And this was just the reason for the higher Hg0 removal 331 
efficiency in oxy-fuel combustion simulated flue gas than in air combustion simulated 332 
flue gas. 333 
             The total mercury contents in the CeMnO3 samples after spent for Hg
0 removal 334 
in individual flue gas components were likewise tested, and the results were presented 335 
in Table 5. It showed that the mercury contents in the spent samples were mostly lower 336 
than 1ppm. The low level of the adsorbed mercury amount was in consistence with the 337 
results in Table 3. Nevertheless, what should be paid attention to was that the adsorbed 338 
mercury content was in the same variation trend overall with the Hg0 removal efficiency 339 
with the introduction of each component into the reaction gas, which demonstrated the 340 
importance of the Hg0 adsorption process for the Hg0 removal over the catalyst once 341 
again. 342 
3.2. Sequential extraction procedure over the spent Mn-based SCR catalysts 343 
            The method of the sequential extraction procedure was also employed for 344 
identifying the mercury species in the SCR catalysts, and the samples spent in the 345 
simulated flue gases were tested. Through this method, the mobility of the mercury 346 
species retained in the catalysts was obtained, and it was helpful for predicting the 347 
impact of the disposal of the retired SCR catalysts on the environment. The test results 348 
 
were shown in Figure 4. Most of the mercury in the spent samples was extracted from 349 
the mobile fraction, while little was detected in the non-mobile fraction. This 350 
consequence was in accordance with that of the Hg-TPD analysis by which the mercury 351 
species in the catalysts was identified to occur mainly in the forms of HgO, HgCl2 and 352 
Hg(NO3)2. All of the species of HgO, HgCl2 and Hg(NO3)2 belongs to the mobile 353 
fraction extracted in the procedure referring to the information presented in Table 2. 354 
Besides, the result of MnTi-oxy showed a larger proportion of semi-mobile Hg than 355 
those of the other samples. This phenomenon further demonstrated the generation of 356 
Hg-OM which belongs to the semi-mobile fraction in the sample reacted in the oxy-fuel 357 
combustion simulated flue gas. 358 
Because of the superior mobility of the adsorbed mercury in the catalysts, the 359 
retained Hg was easy to migrate from the catalysts, and then it might transform to 360 
bioavailable Hg compounds such as methyl-Hg.36 Hence, it was severely harmful to the 361 
ecotope if the retired catalysts were disposed in the environment directly. As the mobile 362 
fraction occupying the majority of the total retained Hg, an effective approach for 363 
lowering the environmental impact might be to pretreat the retired catalysts with the 364 
solution of 2%HCl+10%ethanol to remove the mobile Hg before disposing them in the 365 
environment. Then the rest of the mercury was only in a small amount and it was 366 
theoretically semi-mobile or non-mobile so that the migration was not easy to occur. In 367 
order to evidence this inference, the Hg-TPD analysis was additionally carried out over 368 
the samples after the first step of the extraction. The desorption profiles shown in Figure 369 
5(a) displayed that the intensity of the desorption peaks reduced dramatically to very 370 
low level after the spent samples have undergone the extraction of F1 except the 371 
persistence of a Hg-OM peak on the profile of MnTi-oxy at about 220℃, indicating that 372 
most of the retained Hg was taken away. This result verified the effectiveness of the 373 
 
pretreatment method mentioned above, and it also demonstrated the reliability of the 374 
extraction procedure. Then, the total mercury contents in the samples were also 375 
measured for quantitative analysis, and the results were presented in Table 6. It reflected 376 
that the mercury contents in the four samples were no more than 0.171ppm, which 377 
dropped significantly compared to those before the extraction process. The decline of 378 
the Hg content in MnTi-air, FeMnTi-air and CMO-air all exceeded 90%, while it was a 379 
little lower in MnTi-oxy because of the existence of Hg-OM as the semi-mobile Hg. 380 
Nevertheless, the decreasing range of that in MnTi-oxy was still as high as 85.5%. Thus, 381 
in conclusion, the one-step extraction process in advance was an effective method to 382 
reduce the content and mobility of the mercury in the spent SCR catalysts, therefore 383 
alleviating the harmful influence of their disposal on the environment. Furthermore, the 384 
samples that have suffered the complete three steps of the extraction procedure were 385 
also tested by the Hg-TPD analysis, with the results shown in Figure 5(b). It showed 386 
that the epibiotic peaks on the desorption profiles of the samples after the extraction of 387 
F3 further became weaker compared to those after the extraction of F1 and they were 388 
almost disappeared, including the peak corresponding to Hg-OM. So the results further 389 
proved the validity of the sequential extraction procedure. 390 
3.3. Mechanism of Hg0 removal over the Mn-based SCR catalysts 391 
            Summarizing the analysis results obtained above, related mechanisms of the Hg0 392 
removal over the Mn-based SCR catalysts could be concluded. First, gaseous Hg0 393 
(Hg0(g)) was adsorbed on the catalysts to form adsorbed Hg0 (React. 1), which was the 394 
necessary process for the Hg0 removal. Then the Hg0ad was reacted, and HgO was the 395 
essential product of the catalysis because its desorption peak showed the strongest 396 
intensity and was found in each flue gas. Besides HgO, HgCl2 and Hg(NO3)2 were also 397 
found to be generated in the presence of HCl and NO, respectively. The discovery of the 398 
 
forming of adsorbed HgO, HgCl2 and Hg(NO3)2 in individual flue gas components 399 
verified the analysis results of the mercury species in the catalysts spent in simulated 400 
coal-fired flue gases. Thus, Hg0 removal over the catalysts in coal combustion flue gas 401 
was mainly through the adsorbed Hg0 being oxidized to HgO, HgCl2 and Hg(NO3)2, and 402 
the mechanism equations could be described as React. 2-4.22,44-46 In these processes, the 403 
active oxygen (O*) in the catalysts played an important role, which could be replenished 404 
by gaseous O2 (React. 5).
47 Furthermore, Hg-OM was additionally formed in the 405 
condition of CO2 enrichment, such as oxy-fuel combustion flue gas. Some organic 406 
functional groups, such as C-O and C=O, were the important intermediates in this 407 
reaction.34 And the high concentration of CO2 was also favorable to the generation of 408 
HgO.38,39 So the additional involvement of CO2 on the Hg
0 removal in oxy-fuel 409 
combustion flue gas was described as React. 6 and 7. It should be pointed out that the 410 
formed HgO, HgCl2 and Hg(NO3)2 were in the adsorption state in the beginning (with 411 
the subscript of “ad”), and then they were released into the flue gas as gaseous oxidized 412 
mercury, as described by React. 8-10,48,49 which was demonstrated by combining the 413 
results of Hg-TPD analysis, retained Hg content measurement and total removed Hg0 414 
amount calculation. 415 
                                                                     
0 0
adHg (g) Hg                                                                  (1) 416 
                                                      
0
ad adHg O* HgO                                                   (2) 
417 
                                        
0
ad 2 ad 2Hg 2HCl O* HgCl +H O                                         (3) 
418 
                                         
0
ad 2 3 2 adHg 2NO 2O Hg(NO )                                           (4) 
419 
                                                              2O 2O*                                                           (5) 
420 
                                               2CO  + C C C O,C O                                               (6) 
421 
                                
0
adHg C O,C O Hg-OM HgO + C C                                   (7) 
422 
                                                                    adHgO HgO(g)                                                     (8) 
423 
                                                      2 ad 2HgCl HgCl (g)                                                 (9) 
424 
 
                                                3 2 ad 3 2Hg(NO ) Hg(NO ) (g)                                         (10) 
425 
            Besides the reaction equations, a mechanism diagram was made to reflect the 426 
Hg0 removal mechanism more vividly, as shown in Figure 6. The Hg compounds were 427 
generated to be adsorbed at first after the adsorbed Hg0 was oxidized in various ways. 428 
Then most of the oxidized mercury became gaseous finally. The adsorbed mercury that 429 
was identified was only a small amount of remaining part. Nevertheless, it was of great 430 
value for the analysis on the mechanism of the Hg0 removal process. 431 
4. Conclusions 432 
The Hg-TPD analysis, together with Hg content measurement and sequential 433 
extraction procedure, was carried out to identify the mercury species and content in the 434 
spent Mn-based SCR catalysts for the purpose of acquiring related Hg0 removal 435 
mechanism and information on the disposal of the retired catalysts. The analysis results 436 
demonstrated that the Hg0 adsorption process was a necessity for the Hg0 removal over 437 
the catalysts, and it was realized mainly through chemisorption, though the mercury 438 
adsorption amount accounted for only a small proportion of the Hg0 removal efficiency 439 
and the Hg0 oxidation was the main way for the catalysts to remove Hg0. In simulated 440 
coal combustion flue gases, HgO was the predominant species formed in the catalysts, 441 
and a little amount of HgCl2, Hg(NO3)2 and Hg-OM was also adsorbed. The 442 
components of O2, HCl, NO and high concentration of CO2 in the flue gases contributed 443 
to the Hg0 removal efficiency by promoting the Hg0 oxidation to form related Hg 444 
compounds. But similar phenomenon was not detected for SO2, NH3 and H2O, and they 445 
meanwhile prejudiced the forming of HgO so that they inhibited the efficiency. As most 446 
of the adsorbed mercury was mobile, it was necessary to pretreat the spent catalysts 447 
with the solution of 2%HCl+10%ethanol to remove the mobile Hg before the disposal 448 
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Table 1. The high peak, start and end temperatures of the decomposition peaks of the 586 
reference mercury compounds34 587 
Reference Hg compounds High peak T (℃) 
Start T–end T of 
decomposition peak (℃) 
Hg2Cl2 119 ± 9 60–250 
HgCl2 138 ± 4 90–350 
Hg-OM 220 ± 5 150–300 
HgS black 190 ± 11 150–280 
HgS red 305 ± 12 210–340 
HgO red 308 ± 1; 471 ± 5 200–360; 370–530 
HgO yellow 284 ± 7; 469 ± 6 190–380; 320–530 
Hg2SO4 295 ± 4; 514 ± 4 200–400; 410–600 
HgSO4 583 ± 8 500–600 
Hg(NO3)2·H2O 215 ± 4; 280 ± 13; 460 ± 25 150–230; 230–375; 375–520 























Table 2. Operationally defined mercury fractions29 588 
Hg fractions  Extraction solution  Individual Hg species  





Hg2+ complexes  
Organic Hg  CH3HgCl, CH3CH2HgCl  
F2 Semi-mobile Hg  1:2 (v/v) HNO3: Deionized water  Hg0  
Hg0-Metal amalgam  
Hg2+ complexes  
Hg2Cl2 (minor)  


























Table 3. Related test results of the Mn-based SCR catalysts employed for Hg0 removal in 589 
simulated coal combustion flue gases 590 
Catalyst 
Hg0 removal efficiency (%) 
(catalyst dosage: 0.5g) 
Integral area of the 
desorption peak 
Total Hg content 
(ppm) 
MnTi-air 57.7±3.5 40485 0.915±0.009 
MnTi-oxy 64.6±4.6 62939 1.177±0.012 
FeMnTi-air 73.5±2.6 66274 1.354±0.017 









































MnOx/TiO2 122.63 0.245 62.20 65.3 30.0 
Fe-MnOx/TiO2 127.26 0.175 56.77 68.8 34.4 
CeMnO3 10.13 0.059 23.83 64.5 67.2 
a Oad, chemisorbed oxygen. b Olatt, lattice oxygen.592 
 
Table 5. Related test results of the CeMnO3 catalysts employed for Hg0 removal in individual flue gas components 593 
and simulated coal combustion flue gases 594 
Reaction gas for the previous Hg0 removal 
experiments 
Hg0 removal efficiency (%) 
(catalyst dosage (g)) 
Integral area of the 
desorption peak 
Total Hg content 
(ppm) 
Pure N2 37.6±2.4  (0.1) 19524 0.515±0.005 
N2+4%O2 69.1±1.8  (0.1) 34965 0.945±0.009 
N2+4%O2+10ppmHCl 92.5±2.7  (0.1) 34194 0.922±0.008 
N2+4%O2+400ppmSO2 58.5±2.9  (0.1) 23268 0.674±0.012 
N2+4%O2+400ppmNO 86.2±1.6  (0.1) 37159 1.035±0.016 
N2+4%O2+400ppmNO+400ppmNH3 67.1±3.5  (0.1) 29366 0.829±0.008 
N2+4%O2+10%H2O / 30561 0.816±0.007 
N2+4%O2+12%CO2 / 34095 0.934±0.005 
N2+4%O2+70%CO2 / 40352 1.066±0.018 
N2+4%O2+12%CO2+10ppmHCl+400ppmSO2
+400ppmNO+400ppmNH3 
88.4±3.2  (0.5) / / 
N2+4%O2+12%CO2+10ppmHCl+400ppmSO2
+400ppmNO+400ppmNH3+10%H2O 
80.9±3.8  (0.5) 69914 1.482±0.015 
N2+4%O2+70%CO2+10ppmHCl+400ppmSO2
+400ppmNO+400ppmNH3+20%H2O 






















Table 6. Total mercury contents of the Mn-based SCR catalysts spent in simulated coal 595 
combustion flue gases after the extraction of F1 596 
Catalyst Total Hg content (ppm) Decline of the content (%) 
MnTi-air 0.088±0.006 90.4 
MnTi-oxy 0.171±0.021 85.5 
FeMnTi-air 0.123±0.008 90.9 





























Figure 1. Schematic diagram of the Hg-TPD analytical system. 598 
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 (a)                                                                                              (b) 600 
   601 
(c)                                                                                              (d) 602 
Figure 2. Mercury thermal decomposition profiles of the Mn-based SCR catalysts spent in simulated coal combustion flue 603 














                               (a)                                                              (b)                                                              (c) 606 
 607 
                                (d)                                                              (e)                                                              (f) 608 
 609 
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Figure 3. Mercury thermal decomposition profiles of the CeMnO3 catalysts spent in individual flue gas components (spent 611 
in (a) pure N2, (b) N2+4%O2, (c) N2+4%O2+10ppmHCl, (d) N2+4%O2+400ppmSO2, (e) N2+4%O2+400ppmNO, (f) 612 











Figure 4. Mercury fractionation in the Mn-based SCR catalyst samples spent in simulated coal 615 
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Figure 6. Description on the mechanism of Hg0 removal over the Mn-based SCR catalysts in coal 622 
combustion flue gas. 623 
